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Abstract24

Global satellite data are critical for both verifying and improving GCM cloud25

parameterizations for climate prediction, but their utility is limited without a reasonable estimate26

of the errors in the satellite-derived cloud properties. As part of the continuing effort to estimate27

uncertainties in satellite-retrieved cloud properties, this paper compares overcast stratus cloud28

properties derived from MODIS on Terra and Aqua CERES project with observations taken at29

the DOE ARM SGP site from March 2000 to December 2004. The ARM surface data were30

averaged over a 1-hour interval centered at the time of each satellite overpass, and the CERES-31

MODIS cloud properties were averaged in a 30-km x 30-km box centered on the ARM SGP site.32

All cloud samples used in this study are overcast stratus with no overlying middle or high-level33

clouds. The effective cloud heights were derived using a lapse rate algorithm to convert the34

effective cloud temperature to height and are 0.59 + 0.61 km less than the radar cloud tops and35

0.15 + 0.49 km less than the cloud centers with negligible day-night differences. During daytime,36

the CERES-derived cloud droplet effective radius re, optical depth τ, and liquid water path LWP37

values generally track the variations of the surface retrievals with a modest correlation in re and38

very high correlations in both τ and LWP. Differences between the Terra and surface retrievals39

are -2.8 + 25%, -5.9 + 27%, and -2.4 + 31.5% for re, τ, and LWP , respectively. The40

corresponding differences for Aqua are 4.2 + 25%, 6.8 + 26%, and 25.2 + 49.2%. Small41

calibration differences can account for the discrepancies in the mean re and τ differences for42

Terra and Aqua.  The nighttime MODIS retrievals are, on average, consistent with the nighttime43

surface values and similar to their daytime counterparts, but there is no correlation between44

individual values.45

46
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1. Introduction47

Clouds constitute one of the largest sources of uncertainty in predicting any potential48

future climate change [Wielicki et al., 1995; Houghton et al., 2001]. Thus, assessment of their49

interactions with the Earth’s radiation budget and accurate representation of clouds in climate50

models have been classified as the highest priority by the U.S. Climate Change Research51

Initiative (USCCRI, 2001). The impact of clouds on the radiation budget mainly depends on52

cloud amount and height, cloud particle size and shape, and cloud (or ice) water content [e.g.,53

Curry et al., 2000; Houghton et al., 2001]. This impact is highlighted by the wide range of cloud54

feedback results found in the Cess et al. [1990] intercomparison of 19 general circulation models55

(GCMs) that represented cloud microphysical and radiative processes in a variety of ways. The56

range of results narrowed as the cloud properties used in the models were altered [Cess et al.,57

1996a]. Ultimately, the models should reproduce the cloud properties that are observed. Thus,58

global satellite data are critical for both verifying and improving GCM cloud parameterizations59

for climate prediction. Proper application of those data to climate questions requires a reasonable60

characterization of their uncertainties.61

The NASA Clouds and the Earth's Radiant Energy System (CERES) project provides the62

first long-term global simultaneous measurements necessary for estimating the Earth’s63

broadband radiation budget and retrieving cloud properties to achieve consistent radiative fluxes64

from the surface to the top of the atmosphere (TOA) [Wielicki et al., 1998]. The CERES project65

was designed with specific climate accuracy goals for TOA, surface, and atmosphere fluxes66

matched with surface, cloud, and aerosol data [Wielicki et al., 1995, 1996]. The CERES cloud67

and radiative flux data products should dramatically improve our understanding of cloud-68

radiation interactions, particularly, cloud feedback effects on the Earth radiation balance.69
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Therefore, the CERES data should be useful for studying climate system forcings and feedbacks70

to answer critical scientific questions and to understand and improve climate change simulations71

because they can be used to constrain GCMs. However, the limits placed on the GCM output can72

be no tighter than the accuracy of the observations.73

Estimation of the errors in the derived cloud and radiative properties requires both74

theoretical evaluations of the measurement system capabilities and comparison with independent75

measurements of the same quantities. Ground-based measurements can provide independent76

“cloud-truth” data for estimating uncertainties in satellite-derived cloud properties, but they must77

first be properly analyzed and validated and their uncertainties must be understood. Comparisons78

between the ground- and satellite-based observations must be conducted carefully because of79

significant spatial and temporal differences between the two different observing platforms. Also80

because clouds are so variable, a statistically reliable validation requires coincident satellite-81

surface measurements taken in a variety of conditions. Complete validation of CERES cloud82

retrievals with independent ground-truth observations should account for the following variables:83

(1) cloud types (low, middle, high, multiple layer, and broken), (2) surface types (ocean,84

vegetated land, non-vegetated land, mountains, snow-covered land, and ice-covered water), (3)85

seasons, (4) day and night, and (5) viewing and illumination angles (e.g., satellite view zenith86

angle VZA, relative azimuth angle RAA, and solar zenith angle SZA). A complete quantitative87

assessment requires at least 100 independent samples for each of the conditions, and the88

independent samples must be typically 100-300 km apart and separated by 6 to 12 hours in time89

for clouds and radiation [Wielicki et al., 2000]. Although the use of ground-based sensors, such90

as radar, lidar, and microwave radiometer, for validating satellite-derived cloud properties is well91

established [e.g., Minnis et al., 1992, 1993; Mace et al., 1998; Greenwald et al., 1999; Dong et92



1/19/0710:39 AM10:38 AM

5

al., 2001, 2002], reference or "cloud-truth" data are currently limited both geographically and93

temporally to a few types of clouds over particular areas, or limited to case studies. These case94

studies cannot provide a statistically reliable validation for different types of clouds in various95

climatic regimes. Therefore, complete validation of cloud retrievals in all conditions will take96

many years to achieve and will proceed in steps for particular conditions using the available97

reference datasets.98

This paper presents a comparison of stratus cloud properties derived from Moderate99

Resolution Imaging Spectroradiometer (MODIS) data for CERES with ground-based100

observations from March 2000 to December 2004 at the Department of Energy Atmospheric101

Radiation Measurement (ARM) Program [Ackerman and Stokes, 2003] Southern Great Plains102

(SGP) site (36.6oN, 262.5oE). CERES single-layer cirrus cloud properties have been compared to103

radar and lidar-based observations in earlier studies [Mace et al., 2005; Chiriaco et al., 2007].104

Here, low-level stratus cloud macrophysical and microphysical properties derived from the105

MODIS on Terra and Aqua as part of the CERES project are compared to simultaneous ground-106

based observations. The surface data are used as a “cloud truth” data set to validate the CERES-107

MODIS cloud properties and improve the CERES daytime and nighttime cloud retrieval108

algorithms. No attempt is made to exhaustively validate the CERES cloud retrieval algorithms;109

rather, our emphasis is to assess CERES-derived MODIS properties of both daytime and110

nighttime single-layer and overcast stratus clouds over the ARM SGP site. We focus this study111

on single-layer and overcast stratus clouds because the clouds are the closest to plane-parallel112

and are relatively well behaved with small uncertainties. Comparisons of stratus at other113

locations and of other types of clouds, such as cirrus, overlapped, and broken clouds, will be114
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undertaken as the surface retrieval algorithms are developed and verified by aircraft in situ115

measurements.116

117

2. Data and Methods118

Since there are significant spatial and temporal differences between surface and satellite119

observations, such as the relatively small sizes of the surface radar/lidar field-of-view as120

compared to the much larger satellite field-of-view, temporal and spatial scales should be121

matched as closely as possible during the surface-satellite comparison. The surface data were122

averaged over a 1-hour interval centered at the time of the satellite overpass, and the satellite123

data were averaged within a 30-km x 30-km area centered on the ARM SGP site. In a statistical124

context, the temporally averaged surface observations should be equivalent to the spatially125

averaged satellite results, as demonstrated by Cess et al. [1996b].126

The ARM ground-based observations and retrievals, as well as their uncertainties and127

references used in this study, are listed in Table 1. The centerpiece of the cloud instrument array128

is the millimeter wavelength cloud radar [MMCR; Moran et al., 1998]. The MMCR operates at a129

wavelength of 8 mm in a vertically pointing mode and provides continuous profiles of radar130

reflectivity from hydrometeors moving through the radar field of view, allowing the131

identification of clear and cloudy conditions. Cloud-top height (Ztop) is derived from cloud radar132

reflectivity profiles with an uncertainty of 45 m. Cloud-base height (Zbase) is derived from a133

composite of Belfort laser ceilometer, micropluse lidar, and cloud radar data [Clothiaux et al.,134

2000]. For comparison with the satellite data, which are referenced to sea level, 0.317 km was135

added to each surface-determined cloud height. Cloud-base and -top temperatures, Tbase and Ttop,136

are estimated from a linear temporal interpolation of ARM SCF rawinsonde soundings (~4 times137
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per day) using Zbase and Ztop. The instantaneous soundings are first degraded to a common138

vertical resolution of 90 m before linear interpolation. The interpolated soundings, combined139

with other measurements, are denoted as ARM merged soundings. The cloud liquid water path140

(LWP) is derived from the microwave radiometer brightness temperatures measured at 23.8 and141

31.4 GHz using a statistical retrieval method [Liljegren et al., 2001].  142

To retrieve daytime microphysical properties of single-layer and overcast stratus clouds143

in the midlatitudes, Dong et al. [1997] used a δ2-stream radiative transfer model in conjunction144

with ground-based measurements. The retrieval scheme is based on an iterative approach that145

varies cloud-droplet effective radius (re) in the radiative transfer calculations until the model-146

calculated solar transmission matches the measured value. Dong et al. [1998] parameterized the147

retrieved re as a function of LWP, the solar transmission, and cos(SZA), µ0. The optical depth τ148

is derived from the ratio of LWP and re. The nighttime re values are calculated from an empirical149

relationship between effective radius and radar reflectivity based on both theory and the daytime150

retrievals [Dong and Mace, 2003]. The retrieved and parameterized stratus cloud microphysical151

properties have been validated by in-situ aircraft measurements in the midlatitudes [Dong et al.,152

1998 and 2002; Dong and Mace, 2003].153

The satellite datasets used in this study are the Terra Edition2B and Aqua Edition1B 1-154

km pixel-level cloud properties that serve as input into the CERES Single Scanner Footprint155

(SSF) product. The SSF combines the CERES broadband flux measurements at a 20-km156

resolution with coincident, sub-sampled 1-km MODIS cloud and aerosol retrievals. The CERES157

cloud processing subsystem only analyzes every other pixel and every fourth scan line of the 1-158

km MODIS Collection-4 data. A set of algorithms and parameterizations [Minnis et al., 1995,159

1998, and 2004] were developed to derive cloud phase, effective cloud height (Ze) and160
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temperature (Te), re or ice-crystal effective diameter (De), τ, and LWP or ice water path (IWP) for161

each imager pixel that is classified as cloudy by the CERES cloud mask. Six cloud masks were162

developed to classify MODIS pixels for CERES as either cloudy or clear in non-polar [Trepte et163

al., 1999] and polar regions [Trepte et al., 2002] during daytime (SZA < 82°), twilight (82° < SZA164

< 88.5°), and nighttime (SZA > 88.5°). Each clear or cloudy pixel is further classified as “weak”165

or “strong” to indicate the degree of confidence in each pixel’s classification. These masks use166

the 0.64 (VIS), 1.62, 3.78, 10.8 (IR), and 12.0-µm channels from MODIS. The primary167

technique for determining Ze is to first estimate Te based on the IR radiance adjusted according to168

τ, and then determine Ze using either of two methods. For low clouds, a simple lapse rate169

technique anchored to the surface temperature is used [Minnis et al., 1992]. Over ocean and land170

surfaces, the anchors are, respectively, the sea surface temperature and the running 24-h mean171

surface temperature from the reanalyses provided by the Global Modeling Assimilation Office172

GEOS 4.03 [DAO, 1997]. The surface-temperature anchored lapse rate of -7.1 K km-1 is blended173

with the standard temperature profile from GEOS 4.03 between 700 and 500 hPa [Minnis et al.,174

2003]. For higher clouds Ze is defined as the lowest altitude having Te in the GEOS vertical175

profile of atmospheric temperature.176

The main CERES daytime cloud microphysical retrieval algorithm is the 4-channel177

VISST (Visible Infrared Solar-Infrared Split-window Technique), an updated version of the 3-178

channel visible infrared solar-infrared method described by Minnis et al. [1995]. Given the179

spectral clear-sky radiances and surface properties for a particular set of SZA, VZA, and RAA, the180

VISST computes the spectral radiances expected at TOA for both water-droplet and ice-crystal181

clouds over a range of optical depth from 0.25 to 128 for a particular cloud temperature. The182

values of re for the model clouds range from 2 to 32 µm [Minnis et al., 1998]. The modeled TOA183



1/19/0710:39 AM10:38 AM

9

radiances include the attenuation of the radiation by the atmosphere and the impact of the184

radiation emitted or reflected by the surface. VISST relies on the IR radiance to determine Te, the185

VIS reflectance to obtain τ, and the solar-infrared (SIR, 3.7 µm) radiance to estimate re. The186

split-window channel (SWC, 12.0 µm) is used to help determine phase. These parameters are187

determined iteratively for each pixel by matching the observed radiances to the modeled TOA188

radiances emittance and reflectance parameterizations that account for atmospheric attenuation189

and surface reflectance and emission [Minnis et al., 1995 and 1998]. Cloud LWP is then deduced190

from the combination of the retrieved τ and re.191

The nighttime CERES cloud microphysical retrieval algorithm, the Solar-infrared192

Infrared Split-window Technique [SIST; see Minnis et al., 1995; Heck et al., 1999], is used to193

retrieve cloud microphysical properties at night. The SIST utilizes the SIR, IR, and SWC194

channels simultaneously to determine cloud properties with a minimum-error, iterative195

regression method that matches the observations to parameterized model emittance calculations196

[Minnis et al., 1995; Smith et al., 1996]. To save computational time, thresholds are compared to197

the differences between the observed SIR and IR temperatures and between the IR and SWC198

temperatures to classify the pixel as optically thick or thin. If τ > 32, the cloud is nominally199

assigned a default optical depth of 32 and default values of phase and particle size are assigned200

to the pixel. Two exceptions are used to apply a smaller default optical depth. If the observed IR201

temperature is 10 K colder than the predicted clear-sky value, the SIR-IR and IR-SWC202

brightness temperature differences are less than their corresponding predicted clear-sky values,203

and τ > 16, then a default value of τ = 16 is assigned to the cloud. If the IR temperature is greater204

than the predicted clear-sky value and τ > 8, the default value of τ = 8 is used. Otherwise, the205

SIST is applied, accepting results up to the default value. When the default optical depths are206
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used, the value of re is also set to a default value. Over land, if τ = 32 or 16, then re = 8 µm. If τ =207

8, then re = 6. The corresponding values over ocean are 12 and 10 µm. The smaller value is208

selected because it is assumed that the cloud is a near-surface fog that results from abundant209

moisture and cloud condensation nuclei.210

211

3. Results212

An initial selection process based on the ARM radar-lidar observations identified a total213

of 109 Terra daytime and 49 nighttime single-layer and overcast stratus cases between March214

2000 and December 2004. For Aqua, 69 daytime and 38 nighttime cases were identified in the215

same manner for data taken from July 2002 to December 2004 at the ARM SGP site.216

Examination of the satellite imagery was then used to further screen the data to remove scenes217

with overlying cirrus, broken cloud fields, or snow-covered surfaces. This process reduced the218

number of respective daytime and nighttime cases to 64 and 36 and to 45 and 33 for Terra and219

Aqua, respectively. Hereafter, Terra and Aqua refer to the CERES-MODIS retrievals from those220

satellites unless indicated otherwise.221

222

3.1 Cloud height and temperature comparisons223

Figure 1 shows time series (sample number is ordered from March 2000 through224

December 2004) of the Terra Ze, Te, and τ along with the surface-derived Zbase/Ztop and Tbase/Ttop225

for daytime single-layer and overcast stratus clouds at the ARM SGP site. These samples cover a226

wide range of cloud optical depths ranging from 2 to 128 (Figure 1c). In most instances, Ze falls227

between Ztop and Zbase (Figure 1a). The corresponding values of Te are 2 - 5 K less than their Ttop228

counterparts for those same samples (Figure 1b). Overall, Te tends to be a few Kelvins less than229
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Ttop and does not exceed Tbasp. Scatterplots of Ze versus Ztop and Zmean and of Te versus Ttop and230

Tmean are given in Figure 2. The parameters, Zmean and Tmean, correspond to the altitude and231

temperature at the center of the cloud, respectively. Despite the relatively close tracking of the232

satellite and surface-derived heights in Figure 1a, the correlation coefficients only range between233

0.39 and 0.50 (Figure 2a). The satellite and surface-derived cloud temperatures (Figure 2b) are234

much better correlated, ~0.95, than their height counterparts. The reduced correlation is in large235

part due to outlier samples 12, 21, 36, 39, and 62 where Ze is significantly different from Ztop.236

Table 2 summarizes the comparisons. The averaged Te from Terra is nearly the same as237

the mean Ttop, while the averaged Ze is 0.53 km below Ztop, 0.08 km below Zmean, and 0.37 km238

above Zbase. The standard deviations of the differences between Ze and Ztop, Zmean, and Zbase are239

0.66, 0.50, and 0.51 km, respectively. The corresponding standard deviations (SD) in the240

temperature differences are 2.8, 2.6, and 3.2 K.241

Time series of Ze, Te and τ from Aqua during July 2002 through December 2004 are242

shown in Figure 3 with the corresponding surface-derived values of Zbase/Ztop and Tbase/Ttop for243

daytime cases at the ARM SGP site. The scatters in those same data are plotted in Figure 4. The244

averaged Aqua Te and Ze are 1 K and 0.67 km less than Ttop and Ztop (Figure 4), while the mean245

Ze is 0.27 less than and 0.13 km greater than the average values of Zmean and Zbase, respectively246

(Table 2, Figure 4a). Compared to the Terra results, fewer Ze values are within the radar-lidar247

derived cloud boundaries and scatter around the cloud center (Figure 3a); more of them fall248

below cloud base. The correlation coefficients between the satellite and surface-determined249

temperatures (~0.9) in Table 2 are greater than those between Ze and Ztop/Zmean (~0.6). The SDs250

(Table 2) in the height and temperature differences are comparable to their Terra counterparts.251

The largest deviations from agreement in height (Figure 3a) occur for samples 5, 11, 13, and 44,252
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while the largest temperature differences (Figure 3b) occur for samples 3, 13, 33, and 42253

including two cases with Te > Tbase.254

Time series and scatterplots of nighttime cloud heights and temperatures are shown in255

Figures 5 and 6 for Terra samples and in Figures 7 and 8 for the Aqua samples, respectively. As256

demonstrated in the four figures and in Table 2, the nighttime satellite retrievals are similar to257

their daytime counterparts relative to the MMCR observations. Most of the nighttime Ze values258

are below the radar-lidar derived cloud bases. The largest differences between Ze and Ztop are for259

Terra samples 5, 6, 14, and 29 (Figure 5). The largest differences for the Aqua data are for260

samples 4, 12, 13, 14, and 23 (Figure 7). On average, Ze is about halfway between the middle261

and base of the clouds. As in the daytime cases, the averaged Terra and Aqua Te values are262

typically 1-2 K less than the mean Ttop values and their correlations with Ttop/Tmean are around263

0.9. The correlations between Ze and Ztop/Zmean during nighttime (0.7-0.8) seen in Figures 6 and 8264

are greater than those during daytime. These are reflected in the standard deviations of the265

differences, which are slightly smaller than their daytime counterparts (Table 2). In all cases,266

both day and night, the standard error in the mean differences between Ze and Zmean and between267

Te and Tmean are less than or equal to 0.11 km and roughly 0.5 K, respectively. Thus, these results268

should be a good representation of the biases between the satellite and surface retrievals of269

stratus cloud heights and temperatures.270

271

3.2 Cloud microphysical property comparisons272

The number of cases used in the cloud microphysical property comparison is slightly273

(e.g., 10 samples for Terra) less than that for the cloud height and temperature comparisons.274

Samples were eliminated from microphysical comparisons if the data set lacked a key surface275
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measurement, such as solar transmission or LWP, or if the surface-derived LWP is too small (<276

20 gm-2) or too large (> 600 gm-2) [Dong et al., 1998]. Finally, some surface cloud cases have277

only height and temperature retrievals without microphysical retrievals because the clouds do not278

meet the retrieval criteria [Dong et al., 1997].279

The surface-retrieved cloud microphysical properties are compared with the matched280

daytime Terra and Aqua samples in Figures 9 - 12. The means and standard deviations of the281

differences between Terra and Aqua results relative to the surface retrievals are summarized in282

Table 3. In spite of the large differences in temporal and spatial resolution between surface and283

satellite, the time series of daytime VISST re, τ, and LWP values from both Terra and Aqua284

generally track the variations of the surface retrievals. The standard deviations in the satellite285

retrievals (not shown for sake of clarity) typically encompass the surface-derived values. The286

notable exceptions for re include samples 1, 18, 45, and 46 in Figure 9a and samples 7, 27, 30,287

31, 35, 37, and 38 in Figure 11a. The apparently outstanding differences in τ are samples 11, 20,288

45, and 47 in Figure 9b and samples 3, 27, and 38 in Figure 11b. The overall greater number of289

exceptions for re is reflected in the relatively modest correlation coefficients (Figures 10a and290

12a, Table 3), while very high correlations are found in both τ and LWP. The Terra VISST291

optical depths and, hence, the LWP values at the low end tend to be smaller than those derived292

from the ARM instruments (Figures 10b-c), but are in better agreement for τ > 10. For Aqua, the293

VISST yields greater values than from the surface for LWP > 200 gm-2 (Figure 12b-c). On294

average, the SDs in the re, τ, and LWP differences in the daytime VISST retrievals of re, τ, and295

LWP are 2.0 µm, 7.3, and 55 gm-2, respectively. In relative terms, these SDs correspond to 25,296

26, and 40%, respectively.297
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Similar comparisons for the nighttime stratus cloud microphysical properties are298

illustrated in Figures 13 - 16. These results are distinctly different from the daytime comparisons299

in that the satellite retrievals do not track their surface counterparts very well (Figures 13 and300

15), especially the effective droplet size. The correlation coefficients for re are small negative301

values (Figures 14a and 16a, Table 3) indicating that the mixture of retrievals and defaults has no302

skill in measuring effective droplet radius. Minimal skill is found in the optical depth retrievals303

which yield small yet positive correlation coefficients for both satellites (Figures 14b and 16b),304

but it is lost in the LWP retrievals, which are highly scattered (Figures 14b and 16b). The305

standard deviations of the differences double the daytime values (Table 3). Remarkably, the306

mean differences are very close to their daytime counterparts and, in some cases, are actually307

smaller in magnitude. Thus, despite the lack of retrieval skill, the SIST manages to arrive at the308

proper mean value on average.309

310

4. Discussion311

4.1 Cloud heights312

On average, the CERES-derived effective cloud heights are 0.59 and 0.17 km below the313

physical cloud top and center, respectively, observed by the MMCR. Since Ze corresponds to the314

effective radiating temperature of the cloud, it is expected to be located at some point below the315

physical cloud top. Cox and Griffith [1979] assumed that the cloud liquid water content (LWC)316

was 1.0 gm-3 at the tops of low clouds and found that Te would correspond to an altitude only317

0.02 km below the top. For clouds with LWC = 0.1 and 0.05 gm-3, that distance increases to 0.17318

and 0.33 km, respectively, values closer to the present results. In situ observations and radar319

retrievals show a large variation in LWC within the top 0.30 km of stratus clouds. Dong and320
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Mace [2003] documented two stratus cases with LWC~ 0.1 gm-3 near cloud top at the ARM SGP321

site and Frisch et al. [1998] reported a case with a mean value of ~0.09 gm-3 over the North322

Atlantic. In a review of in situ data, Miles et al. [2000] found ranges of 0.01 to 1.0 and 0.03 to323

0.59 gm-3, respectively, for continental and marine stratus and stratocumulus clouds. The mean324

in both cases is ~0.22 gm-3. According to the Cox and Griffith [1979] calculations, this value325

would translate to a depth of only 0.09 km into the cloud top. Thus, only 15% of the mean Ze -326

Ztop bias is likely to be explained by the radiating temperature effect. A correction for that effect327

is applied in the case of cirrus clouds to estimate Ztop from Ze [Minnis et al., 1995]. It is clear that328

a similar correction should be applied to the water-cloud heights also.329

The remaining biases are due to conversion of Te to altitude, residual cirrus330

contamination, and correction of the water vapor attenuation of the 11-µm channel. In the stratus331

cloud cases, the latter is typically small because the atmosphere above the single-layered stratus332

clouds is generally dry. Most cirrus-contaminated cases should have been eliminated in the333

secondary filtering of the datasets. Thus, the largest concern is translating Te to a height. For a334

negative lapse rate, the lower values of Te would indicate that Ze should be higher than Ztop.335

However, the lapse rate technique used for the CERES retrieval is inherently different from the336

use of the ARM sounding to convert Ztop to Ttop. Typically, satellite retrievals convert Te to Ze337

directly using a profile of T from a sounding or a numerical weather prediction (NWP) model338

analysis (e.g., Rossow and Schiffer, 1999), which is the inverse of the conversion of Ztop to Ttop.339

If the sounding conversion approach were optimal, then Te should be greater than or equal to Ttop.340

Since Te < Ttop, on average, then Ttop occurs too high in the sounding. Garreaud et al. [2001]341

found that rawinsondes often miss the coldest temperature under marine stratus inversions where342

cloud top occurs, likely as a result of the sharpness of the inversion and the relatively slow343
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thermal response of the instrument (e.g., Mahesh et al., 1997). This overestimate of the minimum344

temperature below the inversion, even for the best sounding data possible, prompted the345

development of the lapse-rate approach to converting Te to Ze.346

To determine whether Ze would have been closer to Ztop if temperature profiles had been347

used, three experiments were conducted converting Te to Ze using the soundings from the ARM348

site. The first experiment degrades the merged ARM soundings to simulate the 25-hPa resolution349

of the GEOS profiles in the lower troposphere. To examine the impact of the resolution350

degradation, the second experiment employs the closest original high-resolution (25 - 40 m)351

ARM soundings that were taken within 3 hours of the satellite overpass. Typically those352

soundings were taken at 0530 or 1730 UTC. The third experiment uses the 6-hourly GEOS 4.03353

profiles interpolated to the overpass time. For these experiments, the value of Ze is determined by354

linear interpolation between Zn and Zn-1 where n is the nth level above the surface and T(Zn) is the355

first temperature in the profile above the surface where T(Zn) < Te. If the initial atmospheric356

temperature is less than Te, then the height is set, as a default, to 0.5 km. This condition occurred357

very few times in the soundings.358

Table 4 breaks down the experiment results for day and night and compares them to those359

from the lapse rate method. In both experiments using ARM soundings, Ze overestimates Ztop by360

~0.55 km compared to the underestimate of ~0.59 km by the lapse rate approach. In addition to361

reversing the sign of the bias, both experiments significantly increase the SD of the differences362

compared to those for the lapse-rate technique. Overall, the GEOS-like soundings increase the363

SDs by 72%. Surprisingly, the actual GEOS profiles yielded the smallest biases, ~0.37 km,364

overall. The accompanying difference SDs are comparable to those based on the ARM365

soundings. It is not clear why the GEOS 4.03 profiles yield results that are the same as, or366
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possibly even better than, the original soundings. Since the GEOS 4.03 includes the ARM367

soundings in its assimilation, it likely produces profiles comparable to the original soundings and368

performs a more realistic interpolation between them than the linear interpolation method used369

for the merged soundings. Fidelity of the GEOS 4.03 temperatures to those in the actual profiles370

over areas lacking nearby radiosonde soundings is likely to be less than at locations, such as the371

ARM site, where the input soundings are taken. A concomitant degradation in the resulting372

values of Ze in those areas would also be expected.  Considering all four datasets in Table 4, the373

magnitudes of the biases are not different at the 95% confidence level. Even if the 0.2 km374

reduction in the bias gained using the GEOS 4.03 temperature profile interpolation approach375

were significant, it would come at the cost of a dramatically increased instantaneous uncertainty.376

Retrieving a low-cloud height with an accuracy better than +1 km is a difficult task, at377

least in the mid-latitudes and polar regions because of the complex structure of the lower378

troposphere. A reduction in the bias was the primary motivation for using the lapse rate379

technique over land for CERES Edition 2 processing. During the initial testing, the lapse rate380

used over ocean was applied and found to eliminate the bias over the SGP. Unfortunately,381

surface elevation was not taken into account when comparing the MMCR-derived and lapse-rate382

cloud-top heights. Furthermore, the lapse-rate tests (not published) were compared to results383

using temperature profiles from the European Center for Medium-Range Weather Forecasting384

(ECMWF) center  that were employed for the CERES Terra Edition-1 processing [Minnis et al.385

2002]. The ECMWF profiles yielded biases of 0.62 km in stratus cloud height, so the lapse rate386

approach was selected. Accounting for the 0.32-km surface height in the testing would have387

produced results similar to those found here and likely would have led to an adjustment of the388

lapse rate prior to the analyses. To minimize the bias over the SGP site, a lapse rate of -5 Kkm-1389
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would need to be used. Its applicability to other regions besides the SGP needs further study.390

Nevertheless, the lapse rate approach significantly reduces the instantaneous error and, with391

future reductions in the bias, could provide a more accurate approach than using profiles from392

numerical weather analyses.393

394

           4.2 Microphysical properties395

The good agreement between the surface and CERES-MODIS cloud microphysical396

properties and high level of correlation in cloud τ and LWP indicate that VISST can provide397

accurate and reliable retrievals of these parameters for overcast stratus clouds. The modest398

correlations in re and lack of a significant bias are puzzling, however.399

400

            4.2.1 Daytime cloud droplet sizes401

Typically, the satellite-retrieved value of re (at 3.7 µm) is representative of cloud particle402

size near the cloud top for optically thick clouds [e.g., Nakajima and King, 1990]. The surface-403

retrieved layer-mean re represents the cloud particle size within the upper part of the cloud. In404

most instances, the droplet size increases with height in the cloud and re at the top should405

typically overestimate the value for the entire cloud. Dong et al. [2002] found that the VISST406

applied to a set of geostationary satellite data produced a 1.8-µm overestimate of re relative to the407

surface-derived values. One of the notable exceptions to that bias occurred when a thin layer408

overlaid the main deck of the clouds. In that case, the upper cloud had a smaller value of re than409

the lower cloud. The satellite-derived values were less than the surface retrievals because the410

satellite re retrieval corresponded mainly to the upper cloud. Perhaps, the occurrence of two411

layers is responsible for the lack of a bias in the VISST retrievals.412
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To test this hypothesis, the radar profiles for the Aqua cases were classified visually as413

having one or more layers in the stratus “deck”. A system was defined as multilayered if it had414

more than one distinct separate layers or if it showed drizzle structure above and contiguous with415

an obvious lower layer. While the layering in most cases was relatively straightforward, several416

cases were ambiguous. Of the 44 cases, 21 were identified as multilayered while the remainder417

consisted of only one layer. The difference in re, i.e., re(CERES) – re(surface), was then matched418

with the layering for each case and used to determine the frequency of negative and positive419

differences for single and multilayered stratus cases. Positive differences were found for 87% of420

the single-layered cases and negative values occurred for 76% of the two-layer clouds. This421

simple analysis seems to confirm that much of the scatter and the lack of a bias are due to a422

nearly equal frequency of occurrence of single and multilayered stratus systems. Furthermore,423

the results suggest that, in most instances, the lower layer clouds are probably dominant in terms424

of mass and the upper layer clouds have smaller droplets, on average, than the lower layers.425

Additional analysis of this hypothesis is beyond the scope of this paper and is left for future426

research.427

One means for addressing the ambiguity in the relationship between the actual and428

retrieved values of re is to make use of the other particle-size retrieval channels on MODIS. For429

example, Chang and Li [2003] showed that information about the vertical profile of re can be430

obtained from retrievals of re at 1.6, 2.1, and 3.7 µm. The shorter wavelengths yield values of re431

corresponding to thicker layers of the cloud top than for the 3.7-µm retrieval. Thus, for example,432

re(1.6) > re(3.7) could indicate the presence of a thin layer over the bulk of the cloud deck.433

Multispectral retrievals of re are currently available from the MODIS standard atmospheric434

products [Platnick et al., 2003] and will be part of future editions of the CERES products. Those435
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retrievals could be used along with the ARM radar-lidar retrieved vertical profiles of re [Dong436

and Mace, 2003] to explore the multilayer hypothesis and other impacts of cloud vertical437

structure on re retrievals.438

The mean differences between re(CERES) and re(surface) are -0.22 and 0.34 µm for439

Terra and Aqua, respectively. This 0.5-µm discrepancy between the Terra and Aqua retrievals is440

seen in the global results and is due to the Terra 3.7-µm channel measuring brightness441

temperatures that exceed their Aqua counterparts by ~0.5 K [Minnis et al., 2006]. Based on this442

calibration difference and the underestimation of re relative to the surface site, it is concluded443

that the Terra values of re should be increased by ~0.5 µm or that future editions of the CERES444

analysis use calibration-corrected Terra 3.7-µm radiances.445

446

4.2.2 Daytime cloud optical depth and liquid water path447

Relative to the surface measurements, the optical depths retrieved from Aqua are 4.3 or448

12.7% greater than those from Terra (Table 3). Minnis et al. [2007] found that the VIS channel449

gain on Aqua is 1% greater than that on Terra prior to October 2003 and 2.1% greater thereafter.450

This calibration difference will cause only negligible differences for τ < 10, but would be451

increasingly important at larger optical depths. For example, for τ = 32 and re = 8 µm at SZA =452

41°, the Aqua reflectance would yield optical depths of 34.3 and 37.1 compared to 32 for Terra453

before and after October 2003, respectively. Accounting for the relative differences in calibration454

before and after October 2003 for each case would reduce the mean Aqua optical depth by 1.7,455

resulting in an average difference of 0.8 compared to the surface results. The adjusted mean456

differences between the Aqua and Terra satellite-surface biases then would not be significant at457

the 90% confidence level. Thus, it is concluded that the calibration differences between the two458
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satellite VIS channels could explain the relative differences seen in the satellite-surface459

comparisons. It is not clear which of the two channels has a more accurate absolute calibration.460

When comparing the satellite and surface-based quantities, there is always some461

mismatch in terms of the actual portions of the clouds that are sampled. The time average of the462

clouds sampled by the small-beam radar and variable field-of-view (depends on cloud base463

height) is assumed to provide a value that is represented by the spatial average of the relatively464

large imager pixels. A more precise match of the data could have been attempted by using465

“wind-strips” of satellite pixels. Those strips of pixels correspond to the clouds advecting over466

the site during the averaging period of the surface instruments. As found by Dong et al. [2002],467

however, the more precise “strip” approach yields nearly the same statistics as the simple “box”468

average used here, presumably because there is no assurance that the relatively large pixels are469

represented by the beam averages on a one-to-one basis. Thus, the VISST values used here470

should be suitable for making the comparisons.471

The SD of individual pixel values within the box provides a measure of the variability472

within the box and, therefore, the surface value plus its error should be within at least one SD473

from the satellite mean value. For Aqua, only two values of τ were outside of that bound (not474

shown), samples 5 and 22. In both instances, τ at the surface is around 10 and double the value475

from CERES), while re is the same from both perspectives. For both samples, the scenes appear476

to consist of a broken stratocumulus deck in the satellite imagery. For sample 5, taken at 2020477

UTC, 25 October 2002, the cloud deck, although nearly overcast, rapidly moved and changed as478

evidenced by the imagery and analysis of the Eighth Geostationary Operational Environmental479

Satellite (GOES-8) data taken over the site (available at http://www-480

angler.larc.nasa.gov/satimage/products.html). Analyses of the GOES-8 data as in Minnis et al.481
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[2003] show that for a 40-km diameter circle around the SCF, τ changed from 4.1 to 8.4 to 16.8482

at 1945, 2015, and 2045 UTC, respectively. A larger area average (100 km square box) of the483

MODIS pixels around the SCF yielded a τ = 8.5, which is much closer to the surface-based484

value. Thus, much of the difference in that case may be attributed to broken structure and the485

changing nature of the cloud field that was not captured in the single MODIS image. The cloud486

field over the SCF was more broken during the sample-22 Aqua overpass at 1855 UTC, 6487

October 2003. In this instance, many of the partially filled pixels were interpreted as overcast, so488

that the resulting optical depths were significantly reduced. This smearing effect operates489

whenever the clouds only fill part of the pixel. The radar could easily detect a line of cumulus490

clouds as being unbroken while the satellite “sees” clear pixels in the surrounding area.491

Similar problems were encountered for the Terra comparisons. The optical depth492

differences that exceeded the value of τ from the VISST retrievals occurred for samples 3, 4, 11,493

18, 20, 24, 45, and 47. The partially filled pixel cloud effect can explain the differences for494

samples 3-11, while a similar effect likely justifies the differences for samples 24 and 47. In the495

former case, a darker area is evident over the SCF. In the GOES analyses, the 20-km-diameter496

area yields a smaller average than the 40-km-diameter circle. Conversely, for sample 47 taken at497

1730 UTC, 22 April 2004, the larger circle gives a smaller value of τ than the smaller circle.498

Another factor comes into play for some of the outliers. For example, both samples 18 and 24499

were taken at high VZAs (63°) but the former viewed the clouds in the forward scattering500

hemisphere while the latter viewed at cross-scattering angles. Shadows from any cloud structure501

would tend to reduce the inferred optical depth when viewed in the forward direction at a high502

VZA, while the optical depth is enhanced in the cross-scattering view because of more side503

scatter by the cloud facets as found by Loeb et al. [1998] and Chambers et al. [2001]. Those504
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earlier studies also found that those types of differences become more pronounced with rising505

SZA, so it is likely that the scatter would increase in results for areas with large SZAs. For506

observations from a Sun-synchronous satellite like Terra, the departures from plane-parallel507

behavior tend to average out over a period of time because the imager views from a different508

perspective every overpass. For a geosynchronous satellite, this effect could produce a diurnal509

bias since the satellite views from the same angles at a given hour each day. Correction for510

impact of cloud structure and other systematic effects on the retrievals could be accomplished511

either empirically or theoretically. However, the former would require a larger statistical512

database than currently available and the latter would likely necessitate input of other variables,513

such as cloud aspect ratio, that are not currently retrieved from passive imagery.514

Because LWP is a product of τ and re, the LWP errors arise from errors in the other two515

quantities. Thus, when either re or τ is under- or overestimated, LWP will follow. In some516

instances, errors in either variable can cancel each other leading to a good estimate of LWP or517

they can compound each other leading to extreme errors. This effect is highlighted in Figure 17,518

which shows histograms of the satellite-surface differences for the three cloud microphysical519

properties. In all three cases, ~53% of the differences are within 20% of zero. The center of the520

LWP histogram is more peaked than the other two. Conversely, extreme LWP differences occur521

more than twice as frequently as extreme re or τ differences.522

Overall, the results are similar to those from Dong et al. [2002] except that re from GOES523

was 1.8-µm larger than the surface retrieval and the LWP difference SD was smaller. For the524

clouds sampled in the earlier study, the mean LWP was 89% larger than in the current analysis525

and fewer two-layer systems were observed. This difference could explain the larger bias in the526

GOES analysis. Horvath and Davies [2007] compared results from near-nadir MODIS standard527
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atmospheric products [Platnick et al., 2003], MOD06, to LWP derived from a satellite-borne528

microwave imager over ocean and found that the differences were within 5-10% on average,529

with an instantaneous uncertainty of 35% for overcast boundary-layer clouds. Taking the Terra530

and Aqua results together, the mean LWP differences found here are similar to those from that531

study but the SD of the differences is larger by 4%. A smaller SD would be expected for the532

satellite-to-satellite comparison because the data were spatially matched and differ in time by no533

more than 15 minutes. The significant spatial differences and larger time differences in the534

surface-satellite comparisons drive up the SD in the comparison of those quantities. Horvath and535

Davies [2007] also found a slight increase in LWP with VZA, ~20% at VZA between 60 and536

70°. Although the satellite-surface LWP difference increase with VZA is nearly identical,537

changing from 1% at VZA = 5° to 21% for VZA = 65°, there are too few samples to conclude538

that the trend is statistically significant.539

540

4.3 Nighttime cases541

Skill in retrieving cloud microphysical properties is not expected for many of these cases542

because the 11 and 12-µm signals are effectively lost when τ exceeds 5 or 6. The 3.7-µm channel543

still yields some information at larger optical depths, but it is not possible to separate optical544

depth and particle size effects on the signal without a second channel. The small mean545

differences in Table 3, therefore, are mostly serendipitous as a result of having appropriate546

default values. The SIST was primarily designed to account for the impact of the semi-547

transparency of optically thin clouds on the retrieved surface temperature. Although applied to548

all clouds with the aid of default values, the amount of information available for larger optical549

depths has not yet been researched systematically. With additional study of these channels550
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together with the MODIS 8.5-µm channel, it may be possible to extend the useful range of the551

SIST and obtain better correlations than seen in Figures 14 and 16.552

553

4.4 Discarded scenes554

In screening the original dataset, 33% of the cases identified as single-layered overcast555

stratus were discarded because initial visual inspection of the satellite data revealed that the556

scenes consisted of either broken or scattered clouds at the satellite pixel scale. Some of those557

scenes were missed in the original screening as seen in the previous section. While the MMCR558

indicated overcast directly over the site, it was missing gaps in the clouds due to favorable559

alignment in the clouds or to a lack of advection in the cloud field. Some other cases containing560

snow backgrounds were also eliminated because they require a different algorithm for satellite561

analysis and introduce more errors in the surface retrievals of cloud microphysical properties.562

Although those cases do not exactly fit the objective of this study, they can provide some insight563

into quality of satellite retrievals in the less than ideal stratus cases that are often observed from564

the satellite.565

Adding the discarded 87 scenes to the results in Tables 2 and 3 increases the negative566

bias in Ze by 0.2 km in the daytime and by only 0.05 km at night relative to Ztop. The SD in the567

Ze- Ztop differences increases by 25% in all cases. The relative bias in Te relative to Ttop is close to568

zero during the daytime when the non-overcast cases are included during the daytime. This effect569

is probably the result of some clear-sky radiance affecting the satellite measurement in the570

broken cloud fields. The change is smaller at night, most likely because the cloud-surface571

temperature difference is substantially reduced from the daytime cases. The biases in re change572

by less 3%, on average, during the day and approach zero at night, while SD(re) remains nearly573



1/19/0710:39 AM10:38 AM

26

the same. The daytime biases in τ increase slightly during both day and night. No change is seen574

in SD(τ) at night but it increases by 33% during the day. The overall impact on the LWP575

comparisons is negligible. The rise in optical depth scatter during the day is expected because of576

the increased three-dimensional structure in the broken clouds. Overall, it appears that the577

inclusion of the clouds fields that are broken at the satellite scale mainly serves to increase the578

scatter in the comparisons, but has minimal impact on the biases in the results.579

580

5. Conclusions581

Most of the daytime and nighttime CERES-MODIS-derived Ze values are within the582

radar-lidar derived cloud boundaries. The CERES-MODIS effective cloud heights correspond583

most closely to the physical center of the cloud being, on average, 0.15 + 0.49 km below it. The584

value of Ze underestimates the radar-derived cloud-top height by 0.59 + 0.61 km. No significant585

day-night difference was found in the analyses. The lapse rate approach to converting the586

satellite-derived effective cloud temperature used for the CERES-MODIS retrievals yields a587

slightly larger bias than the use of temperature profiles from radiosondes or NWP analyses.588

However, the random error is substantially reduced with the lapse rate method instead of the use589

of temperature profiles. Thus, adjustments in the lapse rate technique to reduce the bias error590

should be effective in minimizing the overall error. Future versions of the CERES analyses will591

include such adjustments.592

The good agreement in the daytime cloud microphysical properties between the surface593

and the CERES-MODIS retrievals and high correlations in cloud τ and LWP indicate that VISST594

can provide accurate and reliable stratus cloud microphysical properties. The smaller correlation595

in re appears to be primarily a result of layering within the stratus that alters the typical profile of596
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droplet size increasing from cloud bottom to top. Further study is needed to confirm this597

conclusion. However, with the ability to derive re simultaneously from shorter near-infrared598

wavelengths, it should be possible to estimate, at least, the sign of the vertical profile and599

improve the retrieval of re for many clouds. The 2.1-µm channel will be used for this purpose in600

future editions of CERES cloud products. Small discrepancies between the Terra and Aqua601

biases in re and τ appear to be due to uncorrected calibration differences. Although there seem to602

be some angular dependencies in some of the retrieved properties, especially LWP, there are not603

a sufficient number of samples available to make any firm conclusions about angular variations.604

With more samples, it might be possible to develop empirical correction methods to account for605

the plane-parallel model shortcomings in the current retrieval methods. The nighttime mean606

differences between surface and SIST results are small and nearly the same as daytime results,607

suggesting that the SIST retrievals are statistically consistent with the nighttime surface retrievals608

and close to their daytime counterparts. However, the relatively large standard deviations and609

small (even negative) correlations during nighttime indicate that the SIST needs further study610

and that the good agreement, on average, reflects the choice of default values in the analysis.611

The results presented here represent only one class of clouds in a single area over a612

limited range of solar zenith angles. Without additional comparisons over other regions, it is not613

clear whether the current findings are representative of stratus clouds over land surfaces. More614

validation is needed for stratus clouds at different locations, such as polar, desert, and tropical615

regions, and also for different cloud types, including multilayered and broken clouds. Efforts are616

ongoing to address some of these other validation concerns, but the lack of fully instrumented617

surface sites in all climate regimes hampers this effort. Eventually, enough independent samples618

will be collected at the available sites to perform statistically significant surface-satellite619
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comparisons for several different climate regimes and cloud types. Angular and diurnal620

dependencies in the satellite retrievals can also be evaluated with additional samples and with621

comparisons to other satellites such as GOES. These limited site comparisons can be622

complemented on a global scale with new active sensors on satellites. With the 2006 launch of623

CloudSat and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation satellite, it624

will be possible to perform similar comparisons globally from near-nadir views of Aqua MODIS625

thus giving the means to assess all cloud types over all regions at two local times and at one626

viewing zenith angle. Together with the surface measurements, these new data sources will627

provide the means to fully assess the errors in passive satellite cloud retrievals and the basis to628

make significant improvements in future editions of those retrieval algorithms.629
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Figure captions777

Figure 1. Time series of surface-derived cloud-base and -top heights and temperatures (1-hour778
average) and matched Terra MODIS-derived effective cloud heights and temperatures (30-km x779
30-km average) for daytime single-layer, overcast stratus clouds over the ARM SGP site (sample780
number is ordered from March 2000 to December 2004).781

782
Figure 2. Same as Fig. 1, except for scatterplots.783

784
Figure 3. Same as Figure 1, except for matched daytime Aqua data (sample number is ordered785
from July 2002 to December 2004).786

787
Figure 4. Same as Fig. 3, except for scatterplots.788

789
Figure 5. Same as Fig. 1, except for nighttime results.790

Figure 6. Same as Fig. 5, except for scatterplots.791

Figure 7. Same as Fig. 3, except for nighttime results.792

Figure 8. Same as Fig. 7, except for scatterplots.793

Figure 9. Time series of surface-derived (1-hour average) and matched CERES Terra MODIS-794
derived cloud parameters (30-km x 30-km average), a) cloud-droplet effective radius, b) optical795
depth, and c) LWP, for daytime single-layer, overcast stratus clouds over the ARM SGP site796
(sample number is ordered from March 2000 to December 2004). Error bars denote SD of797
CERES parameters.798

799
Figure 10. Scatterplots of data presented in Figure 9.800

801
Figure 11. Same as Figure 9, except for Aqua (sample number is ordered from July 2002 to802
December 2004).803

804
Figure 12. Same as Figure 10, except data from Figure 11 (daytime Aqua-surface retrievals) are805
plotted.806

807
Figure 13. Same as Fig. 9, except for Terra nighttime results.808

Figure 14. Same as Figure 10, except results from Figure 13 (nighttime Terra-surface retrievals)809
are plotted.810

811
Figure 15. Same as Fig. 9, except for Aqua nighttime results.812

813

Figure 16. Same as Fig. 10, except for Aqua nighttime results.814
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Figure 17. Histograms of daytime cloud property differences between CERES MODIS and815
surface-based retrievals from data presented in Figures 10 and 12.816

817

818

Table captions819

Table 1. Surface-derived cloud properties and their uncertainties.820

821

Table 2. Means and standard deviations (SD) of differences and linear correlation coefficients822

(Corr) of CERES MODIS-retrieved effective cloud height and temperature relative to surface-823

observed cloud height and temperature.824

825

Table 3. Means and standard deviations (SD) of differences and linear correlation coefficients826

(Corr) of MODIS retrievals relative to surface results.827

828

Table 4. Comparison of cloud height differences using different temperature-to-height829

conversion techniques using Aqua and Terra data as in Table 2.830

831
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Table 1. Surface-derived cloud properties and their uncertainties832

Cloud Property Uncertainty Instrument and retrieval algorithm

Cloud-base height 8 m Laser ceilometer or lidar

Cloud-top height 45 m Microwave cloud radar (MMCR)

Cloud-base/-top temp 0.2o C Vaisala radiosonde

Cloud-droplet effective

radius

~ 10 %    for day

~ 15%     for night

Dong et al., 1997, 1998, 2002

Dong and Mace, 2003

Cloud optical depth
~ 5%       for day

~ 5-10% for night

Dong et al., 1997, 1998, 2002

Dong and Mace, 2003

Cloud LWP
 20 gm-2 < LWP < 200 gm-2, 20 gm-2

  LWP > 200 gm-2,               ~10%

LWP retrieved from microwave radiometer

measured brightness temp.

Dong et al., 2000; Liljegren et al., 2001

833

834

835

836
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Table 2. Means and standard deviations (SD) of differences and linear correlation coefficients837
(Corr) of CERES MODIS-retrieved effective cloud height and temperature relative to surface-838
observed cloud height and temperature.839

840
Ze - Zbase Ze -Zmean Ze -ZtopNumber

of
Samples

Mean

(km)

SD

(km)
Corr

Mean

(km)

SD

(km)
Corr

Mean

(km)

SD

(km)
Corr

Terra, day 64 0.369 0.509 0.436 -0.082 0.495 0.50 -0.534 0.655 0.394

Aqua, day 45 0.125 0.557 0.567 -0.274 0.512 0.651 -0.673 0.597 0.608

Terra, night 36 0.060 0.468 0.825 -0.309 0.487 0.803 -0.678 0.637 0.70

Aqua, night 33 0.320 0.564 0.694 -0.075 0.42 0.827 -0.471 0.481 0.80

Te -Tbase Te -Tmean Te -Ttop

Mean

(K)

SD

(K)
Corr

Mean

(K)
SD (K) Corr

Mean

(K)

SD

(K)
Corr

Terra, day 64 -2.95 3.15 0.924 -2.37 2.55 0.955 -1.77 2.81 0.943

Aqua, day 45 -2.26 2.95 0.916 -1.63 2.89 0.92 -1.02 3.52 0.877

Terra, night 36 -2.46 3.02 0.93 -2.31 2.44 0.952 -1.797 3.07 0.923

Aqua, night 33 -3.61 4.8 0.753 -3.1 2.91 0.896 -2.61 2.54 0.922

841
842
843
844
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Table 3. Means and standard deviations (SD) of differences and linear correlation coefficients845
(Corr) of MODIS retrievals relative to surface results.846

847
re(CERES)-re(sfc) τ(CERES)-τ(sfc) LWP(CERES)-LWP(sfc)Number

of

samples

Mean

(µm)

SD

(µm)
Corr Mean SD Corr

Mean

(gm-2)

SD

(gm-2)
Corr

Terra, day 54 -0.22   1.98 0.44 -1.72 7.92 0.91 -3.61 46.72 0.91

Aqua, day 44 0.34 1.99 0.39 2.55 6.58 0.96 32.68 63.77 0.91

Terra, night 24 -1.04 3.47 -0.12 -0.09 12.1 0.04 -0.29 86.06 -0.26

Aqua, night 30 -1.08 3.79 -0.09 -2.39 10.2 0.27 -12.3 92.2 0.04

re(CERES)-re(sfc) τ(CERES)-τ(sfc) LWP(CERES)-LWP(sfc)

Mean (%) SD (%) Mean (%) SD (%) Mean (%) SD (%)

Terra, day 54 -2.8 24.8 -5.9 27.0 -2.4 31.5

Aqua, day 44 4.2 24.8 6.8 26.0 25.2 49.2

Terra, night 24 -11.2 37.4 -0.5 69.8 -0.3 88.8

Aqua, night 30 -11.6 40.8 -12.8 54.8 -11.0 82.7

848
849
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850
Table 4. Comparison of cloud height differences using different temperature-to-height851
conversion techniques using Aqua and Terra data as in Table 2.852
Method Samples Ztop (km) Ze - Ztop (km) SD(Ze - Ztop) (km)

Lapse rate (day) 109 1.91 -0.591 0.631

Merged sounding (day) 109 1.91 0.54 1.088

ARM sounding (day) 68 2.31 0.498 1.104

GEOS 4.03 (day) 109 1.91 0.378 1.086

Lapse rate (night) 69 2.01 -0.579 0.588

Merged sounding (night) 69 2.01 0.57 0.963

ARM sounding (night) 39 2.38 0.609 0.808

GEOS 4.03 69 2.01 0.368 1.014

853
854
855
856
857
858
859
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860

Figure 1. Time series of surface-derived cloud-base and -top heights and temperatures (1-hour861
average) and  matched Terra MODIS-derived effective cloud heights and temperatures (30-km x862
30-km average) for daytime single-layer, overcast stratus clouds over the ARM SGP site (sample863
number is ordered from March 2000 to December 2004).864

865

866
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867

Figure 2. Same as Fig. 1, except for scatterplots.868
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869

Figure 3. Same as Figure 1, except for matched daytime Aqua data (sample number is ordered870
from July 2002 to December 2004).871

872

873

874

875

876

877

878

879

880
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881

Figure 4. Same as Fig. 3, except for scatterplots.882
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883

Figure 5. Same as Fig. 1, except for nighttime results.884

885

886

887

888

889

890

891

892

893
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894

Figure 6. Same as Fig. 5, except for scatterplots.895
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896

Figure 7. Same as Fig. 3, except for nighttime results.897

898

899

900

901

902
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907

Figure 8. Same as Fig. 7, except for scatterplots.908
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909
Figure 9. Time series of surface-derived (1-hour average) and matched Terra MODIS-derived910
cloud parameters (30-km x 30-km average), a) cloud-droplet effective radius, b) optical depth,911
and c) LWP, for daytime single-layer, overcast stratus clouds over the ARM SGP site (sample912
number is ordered from March 2000 to December 2004).913

914
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915

Figure 10. Scatterplots of data presented in Figure 9.916

917

918
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919

920

Figure 11. Same as Figure 9, except for Aqua (sample number is ordered from July 2002 to921
December 2004).922

923
924

925

926
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927
Figure 12. Same as Figure 10, except data from Figure 11 (daytime Aqua-surface retrievals) are928
plotted.929

930
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931

932

Figure 13. Same as Fig. 9, except for Terra nighttime results.933

934
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935

936
Figure 14. Same as Figure 10, except results from Figure 13 (nighttime Terra-surface retrievals)937
are plotted.938

939
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940
Figure 15. Same as Fig. 9, except for Aqua nighttime results.941

942
943
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944

945

Figure 16. Same as Fig. 10, except for Aqua nighttime results.946

947
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963
964
965
966

967
968

Figure 17. Histograms of daytime cloud property differences between CERES MODIS and969
surface-based retrievals from data presented in Figures 10 and 12.970

971
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